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Abstract

Project Code: MRG5480115

Project Title: Acute Pulmonary Toxicity Caused by Exposure to Colloidal Silver Nanoparticles
in Mice

Investigator: Theerayuth Kaewamatawong et al. Department of Veterinary Pathology , Faculty
of Veterinary Science, Chulalongkorn University

E-mail Address: Theerayuth71@hotmail.com

Project Period: 2 years

Abstract:

The objective of this study is to investigate biological and pathological events of
intratracheally instilled colloidal silver nanoparticles (Ag-NPs) in the lungs of mice in the dose
response and time effect manner using bronchoalveolar techniques and histopathological
evaluations. In addition, factors that could be important in the induction of pulmonary toxicity
will be investigated with the use of immunohistochemistry. To study the dose response, mice
were intratracheally instilled with 0, 10, 100, 1000 or 10,000 ppm of Ag-NPs. Histopathology,
autometallography (AMG) and immunohistochemistry were determined at 1, 3, 7 and 15 days
post-exposure. Instillation of 100, 1,000 and 10,000 ppm Ag-NPs produced moderate to severe
pulmonary inflammation and damage in a dose-dependent manner. Concomitant laminin
immunohistochemical findings generally correlated to pulmonary lesions. Interleukin 1- beta (IL-
1B), tumor necrotic factor-alpha (TNF-Q), superoxide dismutase (SOD) and metallothionine
(MT) positive immunostanings were found in various cell types related to inflammatory and
particle aggregated areas of treated animals. AMG gains were found in particle laden AMs,
alveolar epithelial cells and macrophages in hilar lymph nodes. These results suggest that
instillation of AgNPs causes acute lung inflammation and tissue damage in a concentration-
dependent manner. IL-‘IB and TNF-O may involve in the pathogenesis of the acute lung
toxicity. Oxidative stress may underlie the lung tissue injury. Moreover, the expression of MT in
tissues responded to AgNPs accumulation. To investigate the time response of AgNPs, mice
were instilled with 100 ppm of AgNPs. BALF and histopathological analysis were carried out at
1, 3, 7, 15 and 30 days post-exposure. The histopathological and BALF data showed that 100
ppm AgNPs induced slight to moderate pulmonary inflammation and injury at acute period.

However, these changes gradually regressed until the end of the experiment.

Keywords: acute, lung toxicity, intratracheal instillation, colloidal silver nanoparticles, mouse
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1.Lﬁa?mﬁsnﬁammLﬂuﬁw@iaizuumoLaumﬂwaaﬂaaaayﬁagmﬂuﬂumamﬁﬂu
I@Uﬂﬁiﬁﬂ@ﬁﬂLf’]@jﬂa@
zﬁﬂmwm%r‘hLﬁmaom’mLﬂuﬁiﬂ@ias:uumaLﬁumafl,waaﬂaaaaﬂﬁmgmﬂmiumaoﬁu‘lu
3. s21daul5Y
3.1 gainaaad
wislud (ICR mice) a1y 7-8 §UaW iwete] iwindszanos 28-35 n3u 18ealunse gaz 2
@ 1uﬁaaﬁﬂauquqmﬁgﬁ 25°C melduasaing-Na (dark-light cycle) 12 .68 % LLa:L'&TfJWH
MBaIMITLAa (commercial diet; CP mice feed 082) lﬁmmmazﬁﬁvlsja"ﬁﬁ@lunﬂﬂﬁjumaao
Dwaan 5 5% WiialSuaniwsnane (acclimatization)  ansmsinnsssinminuie liiiwin

Fuauluudas replication HimniniadelndlAssnuuird9SurinMmansd

3.2 MILAILNENTABARBEAIUANAU LUV BILIU (colloidal nanosilver particles)
3.2.1 INMIFILANAlasATIANTUG8R15AN (chemical reduction method)
3.2.2 inmIadinaavasiiuwealamasululylalase
3.2.3 v‘iﬂﬁagmﬂﬁvl,@?ﬁmm@Lﬁnluam’s:ﬁmmmﬂ@ﬂmwmmﬂﬁamgmﬂﬁﬁms
n3zaNY mawm@mgmﬂﬁﬁaami
3.2.4 m’%wm’mLiuﬁmadmgmﬂ‘l,umm@@i’mmuﬁﬁaams
3.3 LHWNITNARAS
3.3.1 MINARAIANBINANTENUYDIA IV VT (Dose response experiment) I(ﬂ Um‘jLL‘U\‘mEjamkt
. . e . ¥
nanadiiln 6 niu 9az 5 1 69dh
' { ' a 9o % 4 < Lo =~ v & o o
ﬂquﬁ 1 nguruAILAULNG lasunstlansssinan (distilled water) Salgiduarvin
AN Lﬁwgﬂa@
oA ' AN va & a . .
nawn 2 ﬂqwhmvlmumiﬂaumiﬂaaaammgmﬂmimamu (colloidal nanosilver
particle) ANWLTNTH 1 ppm U@ 50 MI Lingilaa
mjuﬁ 3 ﬂéjw%l,ﬁ"l,ﬁ%'unﬁﬂaummaaaaU@ngmﬂmhmaoﬁu (colloidal nanosilver

particle) AMWLTNTH 10 ppm U@ 50 MI 1igilaa
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A ! AV v & a . .
ngwh 4 ﬂqwhm"lmmmi’]aumiﬂaaaammgmﬂmiwamu (colloidal nanosilver
particle) ANLNTH 100 ppm W@ 50 MI 1igaa
ngun 5 ﬂq;wkl,ﬁ"l,@i”%'umiﬁaumsﬂaaaaﬂﬁagmﬂuﬂmaoﬁu (colloidal nanosilver
particle) A2MWLTHT 1,000 ppm Wwa 50 Ui inglaa
oA ' AN v 9 6 a . .
nguh 6 nqwhmvlmumiﬂaumiﬂaaaaU@agmﬂmimamu (colloidal nanosilver
particle) ANwLTNT 10,000 ppm WA 50 MI 1ingilaa

ATnMIraaviarnngnanaay (Intratracheal instillation) VaIRUNARD

1. MMTINRALAILNTAA Xylazine 141@ 3 mg/kg Lae Ketamin 2441@ 75
mg/kg NN TRV B9 (intraperitoneal injection)

2. mﬂffuﬁwmsaamiawmaaﬂiﬁwm@Lﬁﬂmumamnmawwﬁ’]gma@aw

3. Aoy smmmsmm@ﬁﬁaamsﬁ’]gj&ma@au

4. %’uwhﬂﬁa%iluﬁﬁﬁq&”'amaﬂi:mm 15 w17 sl lunsaiasefnann
PIRAU

MIANENNIURNENTINIIURTWENTINLIARIN

1. fanawnanTsuuazemyzasdainaasduig 13 7 15 1w wibansmaiwingn
TUARBANITNARDI

2. fnmamymanalasliniauenaay isoflurane (Baxter, Pearto Rico) tinuwa 1u
A 3 VAININARDI
o = A o . o o & o A . d o

3. imsanziuiieannmila laanstlesnunsudsaiadia Heparin Juuandsy was
uinman1w ludus -20 °C e lUasradn @373 blood chemical parameters Lag
1aszauMInuzadtan oy leun asparate aminotransferase (AST) 303
nauzedla 3NAN serum creatinine 3032@U cholesterol Waz total protein 1AIzAU
total white blood cell (WBC), red blood celll (RBC), platelet, total lymphocytes,
granulocytesllae monocytes

4. Fnnatugasmnuunaaadluudasnga iadnssaslianisamnendinm
fanmwuaziwinsasliandan
° & o ' o LY ' 4 A & y o .

5. nmsiiuaegneadsne laund dea densinniastndea wila au uazle walu
Wasu1an 10 %

= a an
NIANEIN LA BLURIN1IaNEIDINEN

1. heraensatenzile shanruiuaaumaeIoudiainamesalamaiia uazilal
URaan1T A%

2. ihudeannAnluaalddanunwydszann 3 -5 um wahaLHURE laawia

3. thaladfiaalaludons Hematoxylin & Eosin

4. @nw138 EJIiﬂVI’N"gﬂ‘W #15INLI6 ﬂﬂﬁa\‘]ﬁ!aﬂiiﬁﬁuﬁd §I19DITNAN
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MIANEWENTAUDS Lazn1IeaUaWaINIIUARTINARANN U ARyl UNENTINEN

1. ¥ea81907821 % Uaauazdantinaasusinadnlaa lbufanwiie aa lwiain

AUWLTZND 3 -5 um NS aNLARALAANADINTANTN AIANTTIHA U

Primary antibody Purpose

1. Laminin marker of pulmonary basement

membranes injury

2. Tumor necrotic factor-alpha (TNF-Q) | marker of proinflammatory cytokines

involved in acute inflammation and tissue

injury

3. Interleukin 1- beta (IL-1 B) marker of proinflammatory cytokines

involved in acute inflammation and tissue

injury

4. Cu/Zn Superoxide dismutase (SOD) | marker of primary antioxidant enzymes

5. Metallothionine (MT) marker of protein that regulate essential

metals and detoxification of non-essential

metal ions

t:l a a = &l =
AN 1 LRAITUAVDILLO WAL a@LLazﬂ(ﬂﬂ‘SzﬁGﬂﬂ&L%‘L%ﬂ’ﬁﬂﬂﬂﬂ

2. RRINAIUVLIBNNT deparaffinization

21 g wiusladaaagnefazdan Laminin azfualadluany proteinase K Liluiaan 30
Wl ﬁqm%nuﬁ 39 °C (for detection of laminin)

2.2 dwiualaddatnifiazeion TNF-OL IL-1 Cu/zn SOD waz MT
azJua lad U&7 citrate buffer solution pH= 5.4-6.0 7 gunni 121 °C lasmalw
anuTandie autoclave 1w 20 wifiuazshalaseanann 1alu microwave 7
700 W LHwan 5 wh

]
=

3. ialadgulu 3% H,0, Waw methanol iwiian 30 w1l Nigmwnnivias

4. vhaladduli 10% normal goat serum §%IUnn3daw laminin TNF-Ol and Cu/zn
SOD) ua2¥LdNg microwave 71 250 w 1w 5 wift saualadfidan IL-1B
uaz MT 153l 1% bovine serum albumin 11381 30 11l ﬁlqm%n‘]ﬁ 37°C

5. ihaladunoauandiveddn 1 Asuwnz (Primary antibody) e 12 59lus de

ANV NTUAIAITIIATWAS
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Primary antibody

Dilution

1. Laminin 1:200
2. Tumor necrotic factor-alpha 1:15
3. Interleukin 1- beta 1:200
4. Cu/Zn Superoxide dismutase 1:200
5. Metallothionine 1:50

dl ¥ ¥ a dwd' =
AN 2 LRAIANVULTNVWVDILLD WAL ﬂ@ﬂlﬂ%ﬂ’ﬁﬂﬂ‘]&ﬂ

6. i laaNH N THaNG1E Primary antibody annaaee Lawdauadn 2 (Secondary
antibody) fo Biotinylated anti-mouse IgG antibody a2 EnVision polymer

7. MNURNREaI8aIYN ARG 3,3-diaminobenzidine tetrahydrochloride (DAB)

8. NIdaunue8& Mayer's hematoxylin L1181 30 A

m3tadaalanalanstwWil (Autometallography: AMG)

1. ¥ea19a78221 % Uaauazdautinaasusinadnlaa lbufanwiie aa lwiain

AWIY Iz 3 -5 um

2. BAINHIKVLIUNNT deparaffinization ﬁwaﬂaﬁéﬁaﬂw@wlums 1% potassium

. < < T R S
cyanide uan 2 TQIN\‘J IMNBUINIAITUINAY

3. ialaddn lu 3% H,0, Hau methanol 1Huiaa1 30 wifl Namnninas
4. ia'ladguluans physical developer siidautliznauvas 50% Arabic gum 50%
citrate buffer 5.6% hydroquinone Waz 17% AgNO; LHuan 1 Talud luia3as

automatic shaker ﬁqmwgﬁ 26 °C

. . . . ) A oAl
5. mavl,aéi’ma;ﬂu 10% sodium thiosulfate kaz Farmer’s solution T93aui/sznauvasg

20% sodium thiosulfate Laz 7.5% potassium ferric cyanide AWNIN& laga28E1932

2019 NNHUIIA8UN T2

6. MM ITauNUA8R Mayer's hematoxylin L1781 30 Fun

3.3.2 MINARIANIINANIENUVAIISHZLIANALNE L[@IUMTFNRS (Time effect experiment)

lasmsutengunynasaaiu 10 ngu 9az 10-12 61 Ak

nqufl 1 ngunuauauind lasunisilaudisingu vua 50 Pi dhgdaa udavini-

JUAIG AnwuaLAUAI0e19lwIuA 1 VBININARLS

naufl 2 nqunui ldsunisileuminaanasdeuniauwlusadiuanududui 100 ppm

216719 50 MI vhgdan udvimsuene Ansuaziiudmadneluiui 1 veans

BN
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mjuﬁ 3 ngunLAILANUNG lasunisiloudaeiinau 1wia 50 Wi wngdaa uavinn-
TG Ansuazifindainsluiufl 3 vasnmanas

mjuﬁ 4 ﬂq;whl,ﬁ"l,@i”%'umii’]aum‘maaaayﬁagmﬂuﬂmaoLﬁummlﬂuﬁuﬁ 100 ppm
w19 50 Ui ngdaa uavimaang anuazifiudnainsluiud 3 vasns
NN

ﬂ@:uﬁ' 5 NRURUAILANUNG lasumstlaudainan vwa 50 i wngdaa uavinnm-
TR Anuazifiudainsluiufl 7 vesmmanas

mjuﬁ' 6 mjw&ﬁ"l,@i”%'umiﬂaumiﬂaaaaﬂﬁmgmﬂuﬂumaoL‘Tmmml,iuiuﬁ 100 ppm
w19 50 Ui ingdaa uavimymana Ansuszifivdasnduiuf 7 2ams
NN

mjw?‘i 7 NEUBUAILANUNG lasumsiloudaotingu vwa 50 HI wngdaa wavinm-
TG Fnuanifindansluiufl 15 vasmmanns

ﬂﬁjuﬁ 8 ﬂﬁjwhl,ﬁvlﬁ%'umiﬂaumiﬂaaaaﬂﬁmgmﬂmimaoL'?mmwmiuiuﬁ 100 ppm
w19 50 Ui ingdaa uavimymang Anuazifiudoinsluiuf 15 vasns
NARDY

ﬂ&ju‘ﬁ 9 nguNLAILANLNG lasunstlaudaninnau swe 50 i Wngdaa wavinm-
TN Fnmuazifivdnansluiud 30 vaammans

ﬂﬁé&l‘ﬁl 10 néjw%ﬁ"lﬁ%umsﬁaumiﬂaaaaﬂﬁmgmﬂmiumaaL‘&ummlﬁwiuﬁ 100 ppm
w19 50 Ui ingdaa uavimymang Anuazifiudoinsluiuf 30 vasns
NARDY

MIANENINIURNENTINIIURZWENTINIARAN

1. FneannanIsunazomIvasdasnassiunan 13 7 15 uaz 30 S wianrasa
m{mﬁfﬂnﬂfuma@mimaaa
2. inmsnyuanalaslinmiauenaay isoflurane (Baxter, Pearto Rico) tinzua lu
Sufl 137 15 uaz 30 8IMINARDS
3. ﬁﬁﬂ’mﬁuéhasi’mfﬁﬁnﬂa@mam%maaaﬁﬁmu 7-9 éh‘lmwiazﬂﬁjw wrindsdaed
laluihuen saula (BAL supernatant) uazsiudisiioas (BALF cells) liavinmsans
galy
5. fnmMItugaIminwunanasiuim 3 daluudaznga Lefnssaslsamunnens-
Anen thomwuazduiinseslsafidndn wiaamnmafiudiedseivaz Idud Jaa

dautinaastnlaa wala du wazle urluwasinan 10 %
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ATNILAUAR8E191Na191 a9

1. ﬁﬁﬂ’]iﬂﬂ?t%%’]@li@ﬂi‘ﬁ’ﬂ’]i@&lmam_l isoflurane (Baxter, Pearto Rico) L2414

2. vnmadlartasenuazaa iiiaifouasnduiitotsinmsaunasaay ernnnsaas
e 21 whgnaeasy innstadidununaeasudiodeszena

3. @@ﬁﬁﬂé’u Phosphate buffer saline (PBS) 0.01 M 2319 1 % aa¢'lodsdardaltnny
dafidanuraanan dag9iau PBS ihgiaa gaidh-aan Uszanm 10 Ay

4. vmssetaadiwin 3 ass ufifusiAdedaassnanldlunsaanasas udniulud
LA

5. indstaadlaliuuen Tasinauiiiaas Uit wiweas wonussriaas
LTS UATULTRaNATAA LLau‘fwmusLm:ﬁﬂvlﬂLﬁulugT wti — 80 °C e lasaen
MIlUsein

=) dl aa
NIAN BN TR LU RINIIAWENTINEN

1. ¥610871907822N b6 INEHIUTWA WIS NI TR Iaunaia wazialn
=3 A
UYRDANIT NN
2. iudaaninAdullaalidanurnuwdszuios 3 -5 um LaINVILHUBR LA
3. alannaa e bldand Hematoxylin & Eosin
4. ﬁﬂmsaﬂmmaﬁ;awm%‘iﬂmﬁaﬂﬂﬁaaqamsaﬁummfwﬁi‘mm

3.4 NMILALTANALAZNITILATIZATNANIIFDG

“ﬂ'aya‘ﬂ’mﬂﬁiaﬂﬂﬁiaEII‘J@]#GVHG&MWEJ’]%?WIEI’] WeNDINLIARHNUAZIANLIDINET AN
Lﬂ%ﬂuL‘ﬁﬂmzé’mmwm;mmi:ﬂd’mﬂajsm@aaoLLazﬂajaJﬁvl,ﬁ%'maaaaﬂﬁmgmﬂmimaoﬁu lag
azgﬂﬂiuﬁm‘hmmﬂ%aﬁat%awssmm a%m%’uﬁagmnﬂmﬁme:ﬁﬁwﬁwﬂaﬂ azLLamma%ﬂu
gﬂﬂ'ﬁLa."&"ULm:mmﬂmmﬂﬁaummgm (means * standard error;SE) azgﬂﬂiuﬁuﬁmmﬂ%

ROAWUY Student's t-test laafian p value %aan31 0.05 (p< 0.05).
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4. HANTINARDI
4.1 NMINAFDIARNBINANITENUVDIAMNII N (Dose response experiment)

411 HANIINIIVDINITLFAININARUN

Nﬂﬂ’]i(ﬂi’ﬁ]El’]ﬂ?ﬁLLﬁ@]x‘iﬂ’]GﬂﬁﬁﬂLL‘]JﬂJLaUUWE:ﬁ«Lﬂ’]ElIu 24 [u. ﬁ?&l“ﬂ%’]@ﬂ’ﬂlﬂf&l’ﬁﬂ“ﬂﬂd
miﬁmﬂﬁq@ﬁizé’u 10,000 ppm danudatuaasssivhligataoriouaasnnudufie
50 Lasiuue (Lethal Dose 50; LDy, %38 Toxic dose 50; TDs) WU LANIaneuaIzainasas
ﬁgﬂuﬂ@;umaammzﬂﬁjumuqu mmiﬁuammﬂu 3 %Tmmﬂwummauauaa T%YjLLE\]Zﬂ@
ﬂ’]iﬁ%ﬁﬂ%’]'ﬁLLaZﬁ’] LLﬂva&iW‘]JE]’m’]SLLa@\‘iﬁIﬁ@ﬂﬂaﬂé‘dﬁ]’m 3 "I}L’)ING %%ﬂﬁzﬁdé%gﬂﬂ?iﬂ@ﬁﬂﬂﬁ
15 Tt

¥ o oA A X
4.1.2 NRVDIWIRUNAINLNIYY

n7ilauans Colloidal nanosilver particle Lﬁﬁ;jﬂamawkm@aaoﬁwa@iamsﬁuﬁ’nmz
2IMITIIIRT 24 T lA9UIN YR RINaI8aaINILlalTuNNINARD ﬁ’dmjmmuqmazmju
> g; Q { g’ Qs a QI J =) v 1
NARDI RANIINIWIWIWA 3 7 Waz15 ﬁkl,maaaﬁm%uﬂmmeummﬂn@ ﬂntauiunqmw@aaa
4 o o A o & o A A A a A
10,000 ppm WLINHUNAUARUTIRARIIUNTLINIINN 15 lasanatitasnnanniianesannilaa

E]ﬁj’]\‘igul,ﬁ{'lﬁdNa@i?JE;TIJJ']’]WLLﬂZﬂ’]iﬁ%@’]%’]iLLﬂZﬁ’ﬂlE]{'I‘WEJL ﬁdLLﬁ@x‘il%@ﬂﬁ?x‘]ﬁ 3 e E‘Llﬁ 1

Group Day 1 Day 3 Day 7 Day 15
Control -1.88 1.93 1.71 3.8

10 ppm -1.29 0.58 2.37 2.62
100 ppm -2.89667 0.79 1.17 3.01
1000 ppm -0.39 0.81 0.68 217
10,000 ppm -2.55 -0.91 0.28 -3.60

H 2/ @  a d i A & . . ] '
A15197 3 uaastininaaReNANLY (Mea weight gain) Tiidazga913a7
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Mean weight gain

—— Control
== 10 ppm
=100 ppm

=>¢=1000 ppm
=3t=10,000 ppm

Mean weight gain

= g Y A A4 a X . . ! '
3UN 1 useuhnun@afoNLNLTH (Mean weight gain) lundazgiana

4.1.3 wadndlafiainguazaadluiian

HanIaTadmilafiaineuazdaiilufen (013190 4 uaz 5) Wissuszwivng
NARAY LAZTZHINIWNYNNNIINARAI WUIIWN 1 way 3 ﬂ"1mﬁ@]Lﬁa@LLa:Lﬁmﬁa@mwaoﬂ@;u
A a X A a o ' W A \ L A e o
nasad 10-10,000 ppm AeNuTwlanuununguaILgu ud Lidanuuandiagnsivosan
aAa AI J =) { 1 1 s v 1 =)
NIREA  MIANTUE1 AN BN M EAaLEREIRaMTIATL  AgNPs NFITUUNaLAL
wigla nasanmuwluwing 7 @hé’aﬂﬁmvlﬁa@aﬂﬂﬁtﬁmﬁ'miﬂunsjumuqu LLa:a@adwaQim:é’u
Lamﬁ'uﬂaimﬂauqﬂui'uﬁ 15 AINIINARAI AILFAIIUANTIIN 4
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4.1.4 NANHNRNEIDING

HAMIATIININANENSINen laamssanadsadan wuinlwsui 1 ﬂa@maamjuﬁlﬁms
1,000 W&z 10,000 ppm wumins:mwaaq@LLa:ﬁuﬁLﬂwéﬁmaaﬂaaaam‘i’amgmﬂmiumaaL‘fmm:mﬂag
lwiaiaa é’auamlugﬂﬁ 2 gluiudt 3 7 15 numssnisuvesialaadungeunszanslwialan
laslunga 10,000 ppm 9z3uUIINANTINGY 1,000 ppm é’mmﬂugﬂﬁ 21-24

1 1 A ‘ o 1
;Sllﬁ 21 LL'dG’I\‘lﬂ']illlﬁEl%LLlIR\‘i‘YI']\‘]&J‘WWEI']ﬁ'J‘YIEl'l’llﬂdﬂﬂﬂ‘lla\‘iﬂhb‘lﬂsﬁ sl%')%ﬁ 1 229N1INAaI

511 2.1.3 ngw 100 ppm 31 2.1.4 ngw 1000 ppm
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51l 2.1.5 ngw 10, 000 ppm

mﬂmwwudﬂuﬂ@;u 10 ppm uaz 100 ppm ldnumsdfsuudasla G]Lﬁmﬁﬂuﬁ'umjumuqu
udlunga 1000 uaz 10,000 ppm WuRauazudmmMdnzwagluiiatlon (3nas)

: : — o o A
Ellﬁ 2.2 I,Lﬁﬂ\'iﬂ']il;llﬁEI%LLTJRO‘YI"I\‘]&IﬁWEI']ﬁ"J‘VIHﬁﬂﬂdﬂﬂﬂﬂﬂdﬂ%‘lﬂﬁj sl%')%ﬁ 3 289N1INAaal

51l 2.2.3 ngw 100 ppm 51l 2.2.4 Ny 1000 ppm
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31 22,5 ngw 10, 000 ppm

ﬁnﬂmwwuiﬂuﬂﬁju 10 ppm K&z 100 ppm biwumsifsuudadle ﬂLﬁaLﬁﬂuﬁ'ﬂijumuqu
udlunga 1000 uaz 10,000 ppm Hinulauazdummdinzasegluiatlon (3nas)

sin2.3 u,amn'mﬂ5ﬂuuﬂaama&mwm%"‘mmwaaﬂaﬂmaamﬂwﬁ' TuIwn 7 2asnnaass

gﬂﬁ 2.3.1 NRNAILAY

511 2.3.3 ngu 100 ppm 511 2.3.4 Nga 1000 ppm
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511 2.3.5 ngw 10, 000 ppm

ﬁnﬂmwwudﬂunﬁju 10 ppm K&z 100 ppm biwumsifsuudadle ﬂLﬁﬂLﬁﬂUﬁUﬂé&lﬂ’lUﬂ&l
wallunga 1000 waz 10,000 ppm WuAUAzIUTIMANTANUTNVRIFIIRUNBABUALTUN 1 sz 3
nizvadlwitadaa (anas)

: : . o o A
Ellﬁ 24 Ltﬁﬂ\‘lﬂ']il,llﬁﬂ%tlﬂﬂdﬂ'\d&ﬁﬂﬂ"lﬁ?ﬂEl']’llﬂ\‘iﬂﬂﬂ‘llﬂ\‘i‘ﬁ‘lﬂﬂﬂ‘]j ‘l%')%ﬁ 15 aINIINAAI

gﬂﬁ 2.4.1 NFUAILAN

311 2.4.3 ngu 100 ppm 51l 2.4.4 ng 1000 ppm
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311 2.4.5 nga 10, 000 ppm

- fﬂ’mmwwuiﬂumjw 10 ppm W&z 100 ppm baiwunsifsuudadla G]Lﬁal,ﬁmuﬁ'umjwmqu
udlunga 1000 uaz 10,000 ppm WuMIBNIEULAzIKaAENIzNBag lwitadan(gnad) laslungw
10,000 ppm azﬁmm;mmmnndmﬁju 1000 ppm

4.1.5 HANNIANENTINEN

wamimaamaﬁ;awm’ﬁ%ﬂwimunwsﬁauﬁ H&E 1unn5’uﬁz§u€haﬂw Twiufl 1 2a9mInases
wuaaaaaﬂﬁagmﬂuﬂumaaﬁu femiheady nszanemaluluilolen Lngmﬁuamulumaﬁum
lasna (Macrophage) LsﬁaﬁL?jaqmaaqaamaﬂ (Alveolar epithelium) WUﬂ’]iLﬁwﬁ’m’JwﬁmadL‘mﬁ
mmluqaaudaﬂ luﬂ@juﬂwsw@aaa 100 1,000 W@z 10,000 ppm WUNNIRZRNVBILTARLAALREAVITHA
falnsfa (neutrophil) Lsﬁaa‘LLwﬂImWWﬁQﬂﬂs:@u (active alveolar macrophages) WAz LTASLNALAT
W’lﬁ]ﬁLﬁuﬁuﬂaaaaﬂﬁagmﬂmiumaaﬁm (Ag-NPs laden AMs) Twitefoven Immmgumwaosas
Iim]xLLﬂsﬁ'umummL?TMTWamaaaamﬁatgnmuﬂmaaﬁu (10,000 > 1,000 > 100) é’mamlugﬂ‘ﬁ'
3.1

Tw3udl 3 289mMINasss Lf':al,'il"aﬂamaang;uﬁlﬁms 1,000 L&z 10,000 ppm WUNIIANLELUD
ﬂa@ﬁgﬂumumaaqoaumﬂ (Alveoli) USIHIaLRABALREA LazhaaaaNkas (Bronchioles) WU
ﬁhmuﬁ‘ymaamaﬁﬁwmﬁaasauG] naanaNHasLAZIaLRAaALAaA (Bronchiolar associated lymphoid
tissue  hyperplasia) %asaﬂmé’ana’n‘luﬂa‘;u 10,000 ppm 9 JULIININNIINGY 1,000 F91%wa
gaaadesnuanialdeauRTuwl ldu g u uaﬂmﬂf:ﬂ'awuﬂaaaaﬂﬁmgmﬂmiumadL3u faw
ety nzanenalulwilores uwazgniiuazanlwaaduualawia (Macrophage) L‘ﬁaﬁL?jaqmqu
auNay (Alveolar epithelium) ahuiumjumam 100 ppm wmaﬂiim"ﬁmﬁmﬁ'mwiﬁmmgmlﬁﬂu
TAULUNAS f,%m%'mf':al,ﬁaﬂamaanfcju 10 ppm wuLﬁmmmmmamaaaaﬂﬁagmﬂuﬂumamﬁu
luiwasuunalasnia (Macrophage) Lmaﬁt?jaqmaoqaamaﬂ GafinInszanuitesnin wazn1IENIINg
Haaluszauiunans é‘ma@ﬂugﬂﬁ 3.2

TwSudl 7 20smInanss wumadsanmwaaslassai1euasdan (loss of lung architecture) N3

6 & & & a A a a 6 A o
ANUVBDILTARN ﬂ’ﬁﬁ?&ﬂ&lﬁjadL“]J"ﬂaLN@]L’Nﬂ@"ll']’)‘ﬁ%@’l%’ﬂﬂiﬂﬂLLQZQNIWVLW@ NITLNNYIIALRSITUIN YD
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LmaﬁLﬁaqmaaqaauNaﬂ’ﬂﬁ@ﬁ 2 (alveolar type Il epithelium) IUTISINLNITRANYBIADANDLE
aunawiluzasdnuazgninuazaylumaduualainia ni:ﬁnzlﬁl"avlﬂslmf:aﬂamadmjuﬂiwmaa
1,000 &z 10,000 ppm siauluﬂﬁjuw@aaa 100 ppm wusaUBﬂL"ﬁuLﬁmﬁ‘mwiﬁmm;mmLLazms
ﬂs:mﬂéffaﬁamn'ﬁﬁmju 1,000 waz 10,000 ppm §IUNFUNIINAFEI 10 ppm WUNIZMIAEALTE S
dnvtas dmiuluiud 15 maamimaaaﬂ'omwmaUTiﬂLLa:mw;uLLiomﬁauﬁﬂswnglufuﬁ 7 a4
LLamﬂugﬂﬁ 3.2

Tugruvassaslsaludaninniastatan wuinlwsuft 1 uas 3 SsWuMIVENLVUIAVDIR DY
\aniae LLﬂ:WUL%&ﬁLLNﬂIﬂiWWﬁLﬁuﬁuﬂaaaaﬂﬁmgmﬂuﬂumaaL'?mLLa:LsﬁaﬁLﬁmﬁamnmﬁ@ﬁﬂm
#a azauadluyIian subcapsular Uz medullary  sinus Tu3uft 7 1a9mMINanaswLLTAsIaIR BN
indssmudunden g usswunisuninuasaasimasidaidansnoiedailolod (histocyte) was
Lsnafiuamimm'«aﬁLﬁuﬁuﬂaaaaﬂﬁmgmﬂmiumaaﬁu gauluiuil 15 wusenlsndnsmedgltiuiy

N 7 LL@iﬁm’mqumeaﬁaﬁIiﬂ;Jﬁﬂﬂ’h ﬁatmmiugﬂﬁ 3.2

31l 3.1 uammﬂﬂﬁﬂuuﬂaa‘maqawm%“mmmaaﬂammamﬂu%‘l%i’%ﬁ 1 Y2INIINAADY

NaNAILAN

319 3.1.1 (a9 100 i)

A
311 3.1.3 (aaaen

-

& 400 L¥i)
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AI ! & ' Cd g .
- wuﬂ’mwmumaamaéﬂmm:mnwmqmuﬂaﬂ (Interstitial areas of alveoli)

311 3.1.4 (Ma3vE1e 1000 1i1)
- wuanmamluzasduishaady grinviulasimaduualamia (@nes) uszazanluioad

A
Lﬂaqmaqqoamau

s

nax 100 ppm

311 3.1.5 (a1 400 1vi1) 31N3.1.6  (fhaswen 1000 i)
- wuaumaw luzasduihaady gnifufulasiaduaalasnng @nes) uazazasluoad

Lﬁaqmadqoamaﬂ iauﬁuwﬁfaqaamamﬁﬂmwmﬂé’h

naa 1,000 ppm
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- NUMINTEANLVRILTAALUALATHNAN Lﬁ‘]Jﬁ%El”l«#f]’]ﬂ%’lIu"ll aaduFaatunslunaanantlas

(Bronchioles) uazfNaNHay (§Ne3)

.

’ G _a "‘ e o
311 3.1.10  (fhasae1e 1000 1)

gﬂ‘ﬁ 3.1.9 (fa92818 400 L11iN)

- wumMIanLEuTeIRdaNrasnIznslundan guadtiailan (AQNAT) LALLM IFZFUVDY
mgmﬂmimaaﬁuﬁ'ﬂugﬂﬁas:uazgﬂLﬁuﬁuluu‘%LamﬁLﬁ@ﬂﬂsé'ﬂLau FINNINUNIIREFNUAILTAE

& A a a A
WatRaausiaialnsia (gnes)

naa 10,000 ppm

311 3.1.11 (Maspeny 200 Lvin) 311 3.1.14  (fasveny 400 Lvin)
- wumsé’mawmqaamazmi:anmmzﬁm’lu;mmmnn’hmju 1,000 ppm NINdLkaaa
(Wgnas)  uazwumMIazaNvatanmawluzasdunilugldazussgnifvfinluuiuuiiiansaniay

NUNINLNNIRERNVBILTAAL IR a1 TRA INTHA (gnes)
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31 3.2 u,ammsmﬁzmuﬂmmaagamn%ﬁnmmmﬂammawﬁlwﬁ’iufuﬁ 3715

PBINIINAA[DI

NAaNAIVAN

gﬂ‘ﬁ' 3.2.1 (Maswe18 400 L¥in)

- ldwumaaewudaslag

nay 10 ppm

311 3.2.2 (Ma9ae 400 i) 31 3.2.3 (fhasae18 1000 11i1)
| A - o ' Lo & A = a
- liwunawdsuudaslagfidude Wafisuiunguaiugu wddanuimaduaalasnnafiiiviu

m&mﬂmimaaﬁuﬁmﬁﬂﬁaﬂ (gnets)
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nay 100 ppm

gﬂﬁ 3.2.4 (fMas2818 400 Lvin) 517 3.2.5 (Mdsweny 1000 i)

u
<3 v 6

[ a -&/ { & a
- ‘W]J‘VmmJ‘llaGﬂ'l‘iL‘W&lT%ﬂlaGL‘ﬁﬂﬁluf‘ldﬂ&lﬁ»jﬂmﬁﬂ%ﬂﬂ%aﬂ LLﬂzW‘]JL‘]jﬂﬂLLNﬂIﬂiWW%ﬁLﬂUﬂ%

au;mﬂm“[wuau’?mnizmﬂu’lﬂﬂfhmju 10 ppm (§N#13)

naa 1,000 ppm

gﬂﬁ 3.2.6 (fMasae18 200 Lvin) gﬂﬁ 3.2.7 (asaa18 1000 1¥iN)

u < A | 1 A a
- WTJﬂ"I‘JﬂﬂLﬁU“ﬂﬂGQGﬂNN@UﬂiZ%WHﬂ') ‘ﬁﬂﬁﬂ'ﬁ@l’]EI“]JENQOG%JFJ?JEJLUW]JWG%U@N LRSUNITILNY

o g A A, & A i i A
IWIBYVBLALVUIYVUWIAVDIL UL G DN UILARDY (Lymphoid tissues) 38U ﬂﬁﬂﬂﬂLﬂa@LLazﬁﬂa@ﬂNNﬂﬂ

(Waanas)
- lusSnafifiadnisunuaumauluzaaiiv (aners) ﬁ'a‘lugﬂaas:uazgﬂLﬁuﬁuns:amfh
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naa 10,000 ppm

b b 1

311 3.2.8 (fhasae1e 200 L) 311 3.2.9 (fas2E1 400 1i1)
5 q‘/ Al o &’

- WUNIBNLALLAZ NI EU0IRIaNHa8NITI8NT UAziMIANIIIRIBLAZ YD TUAT DS

\Waibadauiiniossey gnaeaiieausznasasudas luusiimuiiiadnisunuauniaum luzediiu

& a & a L A a o ! . '
(Qﬂﬂi) 71\‘11%31]aaizLLazgﬂLﬂUﬂuﬂizmEW]’J GINNﬂ')']u?uujﬁ"ﬂa\‘liaUIﬁﬂ@]\‘lﬂﬂ’]qu'—]ﬂﬂQ’]ﬂqu 1,000

ppm

3111 3.2.10 (fhaseny 200 L1i)
a o . &al Y W P A
- LT MNLNIRadUTaInguTaaanouilunaaasudes ud liwunmadasuudadla gi

Lcﬂ'uﬁmaamazﬁﬁaqmamudaﬂ (gnes)

=i a aa
41.6 Nﬂﬂﬁiﬂﬂﬂﬁﬂﬁ@ﬂ&l&liuw 81DINEN

- miﬁ’ayﬁyyu[uﬁafmﬂﬁwao Laminin
lunguaiuguaznunauinvain1siafee Laminin iudinanaidiung gassuiiim basement

membrane (3N73) Y8I0IANNDY WABAANHDE NADANY TDUNADALRDALAZADNVBINABAAN (bronchial
[ A . ' a AN . o a a A L.

gland) muamiugﬂﬂ 4.1 lua'aumaanquﬂ@aaw:wumsmavl,uamLauamavl,uma@a Laminin 284

basement membrane WUSIIWANNTONLFURIBANNLREWILVBIUAA TIUNIVTIUATNIFZ RNV
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agmmm‘[um AIIUAI LLﬁ(ﬂdluEﬂﬁ 42 g HANTHLIIURENINTZINLVBITD o 15AUUIHWAUAMNLT N
maaagmﬂmiumaaﬁu LR AN B M08 LTANR LA UNUAILAIWA 1 -15 VAINIINARDI

o

;sﬂﬁ 4.1 (Mavue18 300L91)

- mydauduyulualondves IL-10
' a A I a :/ = 6
lunguainquaznunainueansiadde IL-1B Wuihaslulolnwasdurasassunalas
wWhatnsaad (@nas) asuaadlugti 5.1 ludiuvasngunasasazwunisdaiihanady daulngluls
~ 6 A & a a A 2 v
Innanaduresmasuaalaswiafiiiviveunamluvesdsuazunalasnnangnnazdu (@nas) wu'ld
v [ A & 1 A > ~
thelulrasiayvaimaaaan aIudIuil 1-15 va4n1Inasasasuaadluguf 5.2

2 -
’ A yods .
- rase
& " . - "(. -~
. o A Ay
T i i -
. @
- vor V.
- < ® B * “ & % .
e A g o s . -
- -
(T - & 2 5 »
o -~ -
: “‘ &N > L ": L]
o « "oy, 2
l" ‘:' 4 .. - % -
& - - b 4 e
[ » - ¥ rﬂ‘o
‘\.‘ ~ T e -
3,- \‘ i : - ’; i p.’
. . ,a‘" pT i e
»
- e £ o Wt » 5 S
> * - a ~e” &,
L T °- o B e
: T oV \‘.w ':“- < £ .\“
2.0 = - e
Sl TN 24T 2 e N o
e 37 4 >
D -__—__“.“ ‘." LS - .
- a® wl ® =

111 5.1 ($a9uene 400 1in)

-1V)]

- madanduyuludalandves TNF-Q

lunguaiuguazwurauInvainIfiadda TNF-O Husihenaldthelwlslnwaafuvosisas
Lﬁ‘iaqmamaaﬂauLLa:qoauNaﬂ(gﬂm) @TGLLa@ﬂugﬂﬁ 6.1 ludaumaaﬂﬁjwmaaw:wumiamﬁﬁﬂma
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4.2 NINAADIANBINANILNUVDITEHLLIAINLWAI LASUN1IHNEE (Time effect experiment)

4.2.1 HANI1IHIITDINITLIAINIIARNN

NANIIATIDINIILRAININARNN wmwvl,sjﬁmimwaaé’eﬁmaaaﬁzﬂumjumaaoLLa:ﬂﬁjw
AIVAN nnmstlananidiermannuduTuiiszan 100 ppm LA=HNNAY §WSLUDINIURAINIARHN
favany u 3 TalususnwumInausanad muw“LLam@miﬁummmazﬁ’] was liwuanmMIueedi
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4.2.3 NANIHNRNEIDING
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4.2.4 HENIIANENTINEN
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4.2.5 HaMILANHINaIUaa (Bronchoalveolar lavage fluid analysis)
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5. ayduazdnsaluanisnaaes uazdaianaunzdmsvnwidaluoniaa
5.1 MSANBINANTENUVDIANNLINT K (Dose response)

PMNNANITNARBIVBINITANBINANITZNUVIANNLTNTY (Dose  response) INNNIFNEE
aumawluzaidn szavanududud qlus:ﬂmﬁwwé’ulwﬂu%ﬁ"[ﬁ%’umsaa@ﬁamuma
WRAAANLAINEABLAIAUIIUVAITU U@ 0 10 100 1000 %38 10,000 ppm  WUIINIT b TL
aunawiluzadidn luszdu 100 1,000 uaz 10,000 ppm viliiian saniautunanafisguuss
Lmuﬁl,f‘:ammlawaa@amm:qmuNawaaﬂa@ LASHLM AN IUURZ I ST U AV DILTRRLE 8
undauras %oaawu;uLLsamaosaﬂIWLmsﬁummzﬁumwm"ﬁuﬁumaomsﬁ"[ﬁ%’u NAIINNTE DY
dreduyulugalainiivas laminin wuanuEsmsvadlasesiuuvaseadidunuiiusonlin
Jaafiiindu wunavanlumssenduyuludalanduas IL-1B waz TNF-Q luuSmdifiseslsa
Pa91)aq MNNISANEINIIUIINGEI  superoxide  dismutase  uANIIUEAIBANUBIlUIAW
methallothionein wumsa@%u’%nmLemfiLLmIﬂsWWﬁLﬁuﬁuagmﬂLLamaﬁLﬁaqmaaﬂamlu
U‘%nmﬁwmaﬂsﬂmaaﬂa@LLa:U‘%nmﬁﬁmsa:awaomgmﬂ n3tfay  autometallography Lie
anwmnIszauvatauaw luvadin wuwamnhmaﬁumimwwLLa:LﬁjaﬁLﬁaqmaaﬂa@ﬁlﬁu
Anauna unslumasuualasnnaludeuinniosialon

lunsdnmeanuiuisdeszuumadunslazasaynmamluvesiu lugainasas dn1s
nuideliannin wolnsdnmlasnsldnguimmelaereumamlusesdn anududu 1
ppm TuszpzAadsunsunuin i liiAanenaninle gdeilaifodanuasainanas
(Stebounova et al, 2011) Fallunafiassiunsnasasiudusasminesasiulasensinilon
aumaw luadiu anuidudu 1 ppm lasniswsaidignasaay aelivngwenFaninuas
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3893U3%(basement membrane) Baslaa I31891%31T laminin Husriagvasnnudonsaas
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waﬂimwaamgmﬂmiu@ia@iamﬁugmmaaﬂa@ﬁmi?ﬁﬂmwm’] aunaw luanannyiliiie
m'ml,?mmwaalﬁlaiaa%’ugmmama@ (Kaewamatawong et al., 2005; Shimada et al., 2006) T
§aupaINanNIanEaslasIn T wudrauniawluvasiin SuarlfiAaanudonisvasie
309307 e300 lalaaass %amwmﬁﬂmyéﬁﬂdnmwzdommzmﬁammampmaamia‘?’m
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o o A v Y'Y v & ¢ < A AN o
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(Pryhuber et al., 2003) éwsumMInaaadlulasansi wunmsuaasauanlumadean IL-1B uas
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ABSTRACT

To study acute lung toxicity of various doses of colloidal silver nanoparticles (Ag-NPs),
mice were intratracheally instilled with 0, 10, 100, 1000 or 10,000 ppm of Ag-NPs.
Histopathology, autometallography (AMG) and immunohistochemistry were determined at
1, 3, 7 and 15 days post-exposure. Instillation of 100, 1,000 and 10,000 ppm Ag-NPs
produced moderate to severe necrotizing bronchitis and alveolitis with hypertrophy and
hyperplasia of alveolar epithelial cells. The severity of the pulmonary inflammation and
damage increased in a  dose-dependent ~manner. Concomitant laminin
immunohistochemical findings generally correlated to pulmonary lesions. Interleukin 1-
beta (IL-1P) and tumor necrotic factor-alpha (TNF-a) positive immunostanings were found
in the inflammatory lesions in lungs of treated animals. Superoxide dismutase (SOD) and
metallothionine (MT) expression occurred in particle laden AMs and lung epithelial cells,
which correlated to inflammatory sites and particle aggregated areas. AMG gains were
found in particle laden AMs, alveolar epithelial cells and macrophages in hilar lymph
nodes. These findings suggest that instillation of AgNPs causes acute lung inflammation
and tissue damage in a concentration-dependent manner. IL-13 and TNF-a may involve in
the pathogenesis of the acute lung toxicity. Oxidative stress may underlie the lung tissue
injury. Moreover, Moreover, the expression of MT in tissues responded to AgNPs

accumulation.

Keywords: acute, lung toxicity, intratracheal instillation, colloidal silver nanoparticles,

mouse
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INTRODUCTION

Nanoparticles have been used widely in variety of research and industrial fields in recent
decades. Rapid development of many novel applications and daily consumer products from
the nanotechnology engineering give a lot of concern to the health and safety of these
materials. Although the applications and benefits of these engineered nanomaterials are
extensively and currently being widely used in modern technology, there is a lack of
information concerning the human health and environmental implications of occupational
exposure during the manufacturing and handling process (Thomas and Sayre, 2005).

Silver nanoparticles (Ag-NPs) have been known to have inhibitory and bactericidal effects
as well as the effective in retarding the growth of mold, harmful spores and germs. Ag-NPs
are used and applied in a wide range of applications, especially in health applications and
textile industry (Chen and Schluesener, 2008). Despite the varied uses of these Ag-NPs in
many commercial products that launched into the market recently, there are limited data on
the consequences of health and environmental effects of Ag-NPs.

In vitro studies reveal the cytotoxic effects of Ag-NPs including reduce cell viability,
damage cell membrane and interrupt the biological effects of the cells. These toxic effects
were related to the generation of reactive oxygen species that affected on the mitochondrial
function (Medina et al., 2007). There were few studies of in vivo pulmonary toxicity of
Ag-NPs. These reports demonstrated the distribution of Ag-NPs in the lung and systemic
organs (Takenaka et al., 2001). For pathological effects, there were no significant health
impacts for the acute inhalation exposure to Ag-NPs. However, subacute exposure to Ag-
NPs showed slightly pulmonary inflammation and cytotoxicity (Stebounova et al., 2011).
The underlying causes and pathogenesis of Ag-NPs toxicity is still largely unclear.
Metallothionein (MT), a low molecular weight and cystein-rich protein, can regulate
essential metals such as Zn and played an important role in detoxification of non-essential

metal ions such as Ag, Cd, Pb and Hg (Nordberg and Nordberg, 2009). The protective role



of MT to silver nanomaterials is still unknown. There is no any report of MT expression in
the in vivo study caused by exposure to Ag-NPs.

To study the deposition of our Ag-NPs, autometallography (AMG) was performed. Several
toxicity studies of heavy metal used AMG technique to detect small amount of the metal in
the cells of various kinds of animals (Danscher and Stoltenberg, 2006). In this study, we
tried to uses this technique to detect in situ AgNPs in lung and lymph node parenchyma.
The purpose of this study is to elucidate the potential toxic effects associated with single
intratracheal instillation of Ag-NPs using mouse model for pulmonary histopathological
changes during acute stage. Moreover, the pathogenesis of pulmonary toxicity of Ag-NPs
and the protective role of metallothionein were elucidated using immunohistochemistry.
Also, the distribution and accumulation of Ag-NPs were investigated by histochemical

autometallography.

MATERIALS AND METHODS

Experimental animal

7-8 week olds male ICR mice were purchased from National Laboratory Animal Centre,
Mabhidol University, Thailand. The animals were kept in an animal facility that control the
light/dark cycle under 12:12 hr, temperature of 25 + 1 °C and relative humidity of 55 +
10%. The mice were fed with mouse chow and given filtered tap water ad libitum
throughout the experiment. All protocols of animal experiments were proofed by the ethics
committee of Chulalongkorn University Animal Care and Use Committee (CU-ACUC).
Particles

Colloidal silver nanoparticles were received from Sensor Research Unit, Department of
Chemistry, Faculty of Science, Chulalongkorn University, Thailand. The preparation
protocol of AgNPs was described in our previous study (Maneewattanapinyo et al., 2011).

Briefly, a 0.094 M aqueous solution of silver nitrate (AgNOs;; Merck) was added dropwise



to an aqueous solution of 0.07 M sodium borohydride (NaBH4; Merck) under a vigorous
stirring. The soluble starch (Merck) was used as stabilizer and solvent in the mixing
processes. The purification of the AgNPs was precipitated using the centrifugation. The
percentage purity of the AgNPs measured by the macro- and microelectrode was 99.96%.
The Ag ions concentraion in Ag-NPs was less than 0.04%. The Ag-NPs had a spherical
configuration with a relatively uniform size distribution averaging approximately 10-20
nm. To obtain various concentrations of AgNPs, Ag-NPs were suspended in distilled water
prior to use.

Experimental design

60 Male ICR mice were single intratracheally instilled with 50 pl aqueous suspensions of
10, 100, 1000 or 10,000 ppm of Ag-NPs suspensions. The control groups of mice were
instilled with 50 pl of distilled water. At 1, 3, 7 and 15 days after instillation, the animals in
each group were sacrificed. Lungs and hilar lymph nodes were collected in 10% buffered
neutral formalin for routine histopathological evaluations and immunohistochemistry.
Immunohistochemistry protocol

Tissue samples from lungs and lymph nodes of control and treated animals were
immunostain to detect laminin, TNF-o, IL-1B, Cu/Zn SOD, and MT. After
deparaffinization, the sections were treated with proteinase K for 30 min at 39 °C (for
detection of laminin) or with citrate buffer solution (pH= 5.4-6.0; for detection of TNF-a,
IL-1B, Cu/Zn SOD and MT) for 20 min at 121 °C by autoclave and microwave heat at 700
W for 5 min in the process of antigen retrieval. The sections were incubated with 3% H,0O,
in methanol to quench endogenous peroxidase for 30 min at room temperature. The slides
were then blocked with 10% normal goat serum (laminin, TNF-a and Cu/Zn SOD) for 5
min in microwave oven 250 w or 1% bovine serum albumin (IL-1p and MT) for 30 min at
37°C. Thereafter, the sections were incubated overnight at 4 °C with primary antibodies

(anti-laminin; Dako, Glostrup, Denmark, 1:200 dilution; anti— TNF-a, Monosan, Uden, the



Netherlands, 1:15 dilution; anti— IL-1p, Santa Cruz Biotechnology, Santa Cruz, CA, 1:200
dilution; anti-Cu/Zn SOD, Stressgen Bioreagents, Victoria, Canada, 1:200 dilution; and
anti-MT, Dako®, Glostrup, 1:50 dilution). The negative control sections were incubated
with phosphate buffered saline. The biotinylated anti-mouse IgG antibody and EnVision
polymer (Dako EnVision™ detection system, Dako®, Denmark) was reacted to sections as
a secondary antibody. The brown staining with the substrate 3,3’-diaminobenzidine
tetrahydrochloride (DAB) was determined as the positive result and the sections were
counterstained with Mayer’s hematoxylin for 30 sec.

Autometallography staining

Various tissue samples from the control and treated mice were investigated for the presence
of Ag-NPs distribution and accumulation. After deparaffinization, the sections were
incubated with 1% potassium cyanide for 2 hr to eliminate other metal residues and then
rinsed well with tap water and distilled water (DW). For silver amplification, the physical
developer (50% Arabic gum, 50% citrate buffer, 5.6% hydroquinone and 17% AgNO;) was
applied to the sections 1 hr in automatic shaker at 26 °C. Thereafter, the sections were
reacted with 10% sodium thiosulfate and Farmer’s solution (20% sodium thiosulfate and
7.5% potassium ferric cyanide) to eliminate silver residues. The sections were rinsed in tap
water and counterstained with Mayer’s hematoxylin. The positive reactions resulted in

yellow-brown to black silver grains.

RESULTS

Clinical and gross findings

In control, 10 and 100 ppm of Ag-NPs treated animals, there were no exposure-related
clinical signs in any observation time. Some mice in 1,000 and 10,000 ppm treated animals

showed a sign of dyspnea shortly after instillation. However, this sign was recovered after



6 hr post-exposure. Grossly, instillation of 10 and 100 ppm Ag-NPs treated animals caused
mild congestion and edema in lung compared to the control groups. In both 1,000 and
10,000 ppm Ag-NPs treated animals, tiny pin-head sized to patchy black brown foci
scattered in lung lobes throughout the experiment (Fig. 1). The degree of lesions described
above in 10,000 ppm treated groups was more severe than 1,000 ppm treated groups.
Histopathology

At 1 day after instillation, accumulation of free aggregated particles was found in the
alveoli and bronchiolar lumens of all treated groups. Some of aggregated particles were
present within alveolar macrophages, and occasionally present within alveolar epithelial
cells with increasing number of cells in alveolar wall (Fig. 2A). The animal instilled with
1,000 and 10,000 ppm Ag-NPs treated groups had severe accumulation of neutrophils,
active alveolar macrophages (AMs) and Ag-NPs laden AMs in aggregated areas (Fig. 2B).
At 3 days after instillation, the lungs from 1,000 and 10,000 ppm Ag-NPs treated groups
revealed severe multifocal alveolitis characterized by accumulation of numerous active
AMs, particle-laden AMs, neutrophils with some necrotic cells. Hypertrophy and
hyperplasia of alveolar type II epithelial cells were also noted in the affected areas (Fig.
2C). In 100 ppm Ag-NPs treated groups showed similar lesions but less severe pulmonary
lesions. Moderate congestion with particle laden AMs and alveolar epithelium was seen in
the lungs from 10 ppm Ag-NPs treated groups. By 7 days after instillation of Ag-NPs,
severe loss of lung architecture, cellular necrosis, neutrophil infiltration, alveolar type II
hypertrophy and hyperplasia were noted in the lungs from 1,000 and 10,000 ppm Ag-NPs
treated groups. Aggregated particles and particle laden AMs were also seen in some areas
of lung parenchyma. In 100 ppm Ag-NPs treated groups induced similar histopathological
patterns, but the lesions were milder and occupied a small area of the lung specimens.
Mild congestion was observed in the lungs from 10 ppm Ag-NPs treated groups. Changes

in the lungs of mice killed at 15 days post-exposure were distributed to the similar



appearances and severity of lung lesions that were observed in 7 days post-exposure. The
lesions of adjacent lymph nodes were also elucidated. The hilar lymph nodes of treated
animals of 1 and 3 days post-exposure were slightly enlarged with mild to moderate
particle laden macrophages and neutrophil infiltration in subcapsular and medullary sinus.
At 7 days post-exposure, multifocal necrosis of lymphoid cells and mild to moderate
histiocytic infiltration were noted with mild to moderate particle laden macrophage
infiltration. The lungs from 15 days post-exposure groups showed similar but greater
severe lesions than those in 7 days post-exposure groups.

Immunohistological evaluation

Laminin: Thin lines of intense brown positive laminin stains were observed along the
basement membranes of alveolar septa, bronchus, bronchioles, blood vessels and bronchial
glands in control mice (Fig. 3A). Lung tissues from Ag-NPs treated mice showed extensive
patchy areas of nonstain or weak positive reaction and discontinuous pattern of the alveolar
basement membranes in site of the inflammatory foci (Fig. 3B). The interruption and weak
positive immunoreactivity was also seen in the alveoli enclosing to the AgNPs aggregation
or particle laden AMs accumulation. The severity and distribution of the lesions were dose
dependent manner and showed no different pattern during the exposure dates.

IL-18: The positive staining of IL-1B was occasionally observed in some alveolar
macrophages in control group. However, IL-1 immunostaining was strongly positive
expression mainly in the cytoplasm of particle laden AMs, active AMs, and occasionally in
bronchiolar epithelium of lungs from mice exposed to AgNPs at 1 to 15 days post-exposure
(Fig. 4).

TNF-a: In control lungs, the immunohistochemical staining of TNF-a was barely
detectable in both airway epithelium and lung parenchyma. By contrast, in the AgNPs-
treated mice at 1 - 15 days post exposure, positive staining for TNF-a appeared in a large

number of cells associated with pulmonary inflammation. TNF-a was expressed mainly in



the cytoplasm of particle laden AMs, active AMs, and occasionally in bronchiolar
epithelium that associated with inflammatory nodules and necrotic areas (Fig. 5 ).

SOD: Immunohistochemical expression of SOD was seen in small number of AMs in
control animals. After 1-15 days, SOD immunohistochemical staining was observed
chiefly in particle laden and activated AMs, and moderately in bronchiolar epithelial cells
that associated with the inflammatory sites and particle aggregated areas but minimally in
alveolar epithelial cells (Fig. 6).

Metallothionine: In the AgNps -treated mice at 1 to 15 days post exposure, positive
staining for MT appeared in a large number of cells associated with aggregated nodules
and areas that enclose to particle laden AMs. MT was expressed mainly in the cytoplasm of
particle laden and active AMs with occasional detectable in bronchiolar and alveolar
epithelial cells (Fig. 7). By contrast, the immunohistochemical staining of MT was barely
detectable in the cytoplasm of airway epithelium in control animals.

Autometallography: The deposition of AgNPs characterized by black positive silver grains
were observed in the cytoplasm of particle laden AMs and alveolar epithelium (Fig. 8). The
large number of positive cells and clump of free black grains appeared in the area of
inflammatory nodules. Degrees and distribution of AgNPs positive staining showed a trend
toward increasing in a dose-dependent manner, but not different among the exposure days.
On the other hand, no evidence of positive silver grains was found in the lungs from the

control groups.

DISCUSSION

The purpose of this study was to determine the pathological effects of intratracheally
instilled various dose of AgNPs on the lungs of mice in terms of dose response during the
acute stage. Possible mechanisms for the pulmonary injury involving inflammatory

changes and tissue damage were discussed. In addition, the distribution of the AgNPs in



lung tissues and the protective role of MT were also elucidated. In present study,
instillation of colloidal AgNPs could cause acute inflammatory reactions in the respiratory
system as observed from 24 hours through 30 days post- exposure. The severity of the
pulmonary inflammation and damage increased in a dose-dependent manner. The
instillation of 1,000 or 10,000 ppm of AgNPs induced severe necrotizing bronchitis and
alveolitis characterized by infiltration of macrophages and neutrophils around the
aggregated particles or particle laden AMs with the scatter necrotic cells. Hypertrophy and
hyperplasia of alveolar epithelial type II was also noted in the injury areas. The pulmonary
injury was moderate in 100 ppm of AgNPs groups and minimal in 10 ppm AgNPs groups.
All pulmonary lesions showed equally intensity in all observation times.

There were few reports in the literature on pulmonary studies of nanosilver toxicity in in
vivo model. Subacute inhalation study of 1 ppm commercial AgNPs revealed no pathologic
changes including alveolitis, perivasculitis, lymphoid agglomerates, epithelial damage,
granulomas, giant cells or fibrosis (Stebounova et al., 2011). In our pilot study, we also
found that the single instillation of 1 ppm AgNPs revealed no significant pathological
lesions in all observation times.

Laminin , a noncollagenous glycoprotein (MW = 900000), is an intrinsic component of all
basement membranes that plays a central role in the formation, the architecture, and the
stability of basement membranes as well as control of cellular interactions. It can be used
as a marker of pulmonary basement membranes injury, because it is present along the
alveoli throughout the lung (Aumailley and Smyte, 1998). The adverse effects of
nanoparticles to the pulmonary basement membranes have been reported in nanotoxicity
murine models (Kaewamatawong et al., 2005; Shimada et al., 2006). In mice exposed to
AgNPs in this study, we showed the direct effects of AgNPs to the basement membranes as
evident of weak and discontinuous positive stainings of laminins along the alveoli that

enclosed to the aggregation of AgNPs. The disturbance of the equilibrium between the



synthesis and degradation changes of pulmonary extracellular matrix (ECM) including
laminin may result in pulmonary fibrosis (Dunsmore and Rannels, 1996). The accelerated
degradation of the ECM as present in the weakened positive immunolabeling for laminin in
the acute inflammatory lesions may develop into fibrosis in the chronic stages.

IL-1B and TNF-a, major proinflammatory cytokines involved in acute inflammation and
tissue injury, often act synergistically on a complex regulation on the signaling molecules
or protein expression in animal or human diseases (Kolb et al., 2001). Several studies have
described the important role of IL-1B and TNF-a in acute lung injury (Mukhopadhyay et
al., 2006) . Many kinds of nanoparticles can induce the production of both of these
cytokines that are responsible for the induction and modulation of chemokines in the lungs
(Pryhuber et al., 2003) . In current study, IL-1p and TNF-a were shown to be present in the
inflammatory lesions in treated mice lungs suggested that these cytokines may be involved
in the pathogenesis the acute lung toxicity induced by AgNPs.

Nanoparticles have been reported to cause oxidative stress as a result of generation of
reactive oxygen species (ROS) in a number of in vivo and in vitro studies (Dick et al.,
2003;Donaldson and Stone, 2003; Kaewamatawong et al., 2006). In vivo study of
nanosilver also revealed the cytotoxicity of the particles that related to the generation of
reactive oxygen species (Choi et al., 2010; Miura and Shinohara, 2009). To protect from
the oxidative harmful reaction, cells have developed the free-radical scavenging process by
various kinds of antioxidant enzymes including superoxide dismutase (SOD), catalase and
glutathione peroxidase. Superoxide dismutase (SOD) are primary antioxidant enzymes
scavenged the ROS by catalyzing the dismutation reaction of the superoxide anion to
hydrogen peroxide. Several in vitro nanotoxicity studies have been revealed the
association between the free-radical generation and SOD scavenging activity. Dey and
colleagues (2008) demonstrated the increases manganese superoxide dismutase (MnSOD)

protein levels induced by nanosized alumina in mouse skin epithelial cells. Decreasing in



SOD and glutathione (GSH) level that associated to generation of peroxy radicals after
AgNPs exposure to human fibrosarcoma (HT-1080) and human skin/carcinoma (A431)
cells have been reported (Arora et al., 2008). In our study, the results of the positive Cu/Zn
SOD immunoreactivity mainly in particle laden and activated AMs associated with the
inflammatory sites and some free particle aggregated areas indicate a pulmonary response
to oxidant stress generated by AgNPs in either direct effect of particles themselves or
indirect effect of inflammatory reaction.

Several laboratory and field studies noted that metallothionein played an important role in
heavy metal homeostasis and detoxification in animals. Expression of MT in tissues
responded heavy metal exposure has been reported in various kinds of organisms and
animals (Alvarado et al., 2006; Kaecwamatawong et al., 2012). In vitro cytotoxicity study of
astrocytes exposure to AgNPs showed the upregulation of MT via activation of the metal
regulatory transcription factor 1 (MTF-1) (Luther et al., 2012). The certain mechanisms
associated with the MT responses to AgNPs exposure remains unclear. Silver (Ag) can
directly stimulate the production of MT via the initiation of thionien in the cells (Kim et al.,
2009). In another mechanism, enhance of MT induction is associated with their antioxidant
role that response to an increase in oxyradicals (Haq et al., 2003). In the present study, MT
immuno-expression was detected in macrophages or airway epithelium that associated with
AgNPs aggregated nodules and areas enclosing to particle laden AMs. We, therefore,
suggest that MT might have a protective role to AgNPs at acute stage. The underlying
mechanism of the induction of MT caused by exposure to AgNPs should be elucidated.

In several inhalation studies demonstrated the translocation of AgNPs by inductively
coupled plasma mass spectrometry (ICPMS) analysis. The silver was detected mainly in
the lungs and adjacent lymph nodes, but minimally in the olfactory bulb, liver, kidney,
spleen, brain, heart and blood (Takenaka et al., 2001). In our study, we used AMG

histochemical techniques to demonstrate the in situ deposition and distribution of AgNPs in



the lungs and hilar lymph nodes. To our knowledge, this was the 1* report to use this kind
of technique to detect the nano metal particles. The positive AMG gains were found
markedly in the cytoplasm of particle laden AMs as well as macrophages in the adjacent
lymph nodes, and occasionally in alveolar epithelial cells. These results indicated that the
major clearance mechanism of instilled AgNPs might be via phagocytosis by alveolar
macrophages and lymphatic circulation. Moreover, the evidence of AgNPs entering the
alveolar epithelium might be another clearance path and also be possible way to gain
access to the blood circulation.

In summary, this study demonstrated the pulmonary pathological responses after
intratracheal instillation of various doses of AgNPs in mice during the acute stage. AgNPs
produced the severity of pulmonary lesions of treated animals in a concentration-dependent
manner. IL-1B and TNF-a were proinflammatory cytokines involved in the pathogenesis of
the acute lung toxicity induced by AgNPs. We also found pulmonary response to oxidative
stress in AgNPs treated animals, which may be one of underlying causes of the lung tissue
injury. Furthermore, our current study found that AgNPs can induce the expression of MT

that might be one of the protective mechanisms of lung against nanoparticles.
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FIGURES

Fig. 1. Lung from 10,000 ppm Ag-NPs treated animals at 1 day post-exposure shows

patchy black brown foci (Bold arrow) scattered in lung lobes. (Bar = 1 cm)
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Fig. 2. Lung sections from various doses of AgNPs treated groups at various time points,
H&E stain. (A) the distributions of DEPs in AMs (arrowheads) and alveolar epithelium
(arrowhs); 1,000 ppm treated group at 1 day post-exposure , Bar = 600 um. (B)
Influx of neutrophils and accumulation of particle laden AMs in AgNPs (arrowheads)
aggregated areas; 10,000 ppm treated group at 1 day post-exposure, Bar = 250 pm. (C)
Focal necrotizing alveolitis with hyperplasia of alveolar type II epithelial cells; 10,000 ppm

treated group at 3 day post-exposure, Bar = 700 pm.



Fig. 3. Laminin immunohistochemistry in lungs of control and AgNPs-treated mice
sacrificed at 3days post-exposure. (A) Brown thin string-like positive staining
along alveolar basement membranes (arrows) in control animals, Bar = 300 um (B) Weak
and discontinuous positive patterns of alveolar basement membrane at the focal alveolitis

in AgNPs-treated mice, Bar = 600 pm.



Fig. 4. Intense brown positive immunostaining of IL1- B appears in a large number of
particle laden AMs (arrows) in lungs of 10,000 ppm group killed at day 7 post-exposure,

Bar= 600 pm.
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Fig. 5. Prominent brown positive immunostaining of TNF-a is found mainly in partcle
laden AMs (arrows) and occasionally in bronchiolar epithelial cell (arrowheads)
associated with inflammatory nodules (N) in lungs of 10,000 ppm group killed at day 3

post-  exposure, Bar = 600 pm.
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Fig. 6.The intense positive labeling of SOD is expressed in the cytoplasm particle laden
AMs (arrows) located at inflammatory nodules in lung of 1,000 ppm group killed at day

15 post-exposure, Bar = 700 p.

Fig. 7. Immunohistochemical localization of MT in lungs of 1,000 ppm group sacrificed at
7 days post-exposure, brown positive staining was observed in particle laden AMs (arrows)

and active AMs (arrowheads), Bar = 600.



Fig. 8. The black positive silver grains in lungs of 10,000 ppm group sacrificed at 1 day

post- exposure were observed in the cytoplasm of particle laden AMs (arrow) and clump

of AgNPs appeared in the area of inflammatory nodules (Bold arrow), Bar = 600.



